This paper presents a hybrid signal processing technique for bearing defect feature extraction and severity estimation.
INTRODUCTION
Rolling bearings have been employed in a wide range of rotary machine systems, and a wide range of bearing health monitoring techniques has been developed over the past decades. Because bearings are mechanically coupled to other supporting structures (e.g. shafts or gears), defect-induced signals are often mixed with signals from structural-borne vibrations. At the incipient stage when a defect is small in size, the induced signals are usually short in duration and weak in amplitude. The weak signals are often further compromised by attenuation from background noise along the propagation path, leading to a poor signal-to-noise ratio. This makes bearing defect detection and severity assessment a challenging task.
The advent of wavelet packet transform (WPT) has provided an effective tool for improving feature extraction from a signal [1] . In essence, WPT measures the degree of "similarity" between a base wavelet and the signal being analyzed and identify at which scale a high similarity exists, as reflected by a higher magnitude of the corresponding wavelet coefficients than those at other scales. Such a property makes it effective in differentiating defect-induced vibrations from structural-borne vibrations and background noise [2] .
To evaluate the severity level of a defect, statistical features need to be extracted from a WPT-transformed signal, in each sub-frequency band. As an example, each of the two signals measured from an undamaged, "healthy" bearing and a defective bearing (Fig.1) (Fig. 2) . This indicates that features related to the defect characteristics of a bearing are generally concentrated in only a few sub-bands. If such bands can be effectively selected, the amount of data to be processed can be significantly reduced, and the computational efficiency increased. However, determining which features are most representative of a bearing's health condition is a challenge. Previous research [3] has shown that Principal Component Analysis (PCA) is an effective tool for feature selection in machine defect classification. This paper investigates how WPT and PCA can be combined to form a new, hybrid technique for improved effectiveness in bearing defect severity diagnosis. 
METHODOLOGY
The developed technique starts with a wavelet packet transform of vibration signals measured on a bearing (Fig. 3) , using the harmonic wavelet as the mother wavelet [2] . After ( , , , )
where X is the mean value of X, and [ ] E • is the statistical expectation operation. By calculating the p eigenvalues of the scatter matrix S, the corresponding p eigenvectors can be obtained. Since the eigenvector with the highest eigenvalue is the principle component of the p-dimensional feature vectors X, it is better-suited than any other feature vectors as the representative, identifying feature, e.g. defect severity of a bearing under test. Thus, PCA ranks the order of eigenvectors by means of their respective eigenvalues, from the highest to the lowest, which represents the order of significance of the corresponding component. Given that the features transformed by the principal components are not directly connected to the physical nature of the defect, the eigenvectors for the transformed features are only used as the basis for choosing the most significant features from the original p-dimensional feature vectors X [3] . Since the elements with the highest weight within each eigenvector possess higher similarity in direction of that eigenvector than other elements, those corresponding features in the original p-dimensional feature vector are chosen to be the representative features.
RESULTS
The developed hybrid technique was experimentally evaluated through sensor data obtained from a bearing test bed, in which four initial conditions of the test bearings were investigated: 1) healthy -new bearing; 2) light defect -one 0.1 mm diameter hole in the outer raceway; 3) medium defect -one 0.5 mm diameter hole in the outer raceway; and 4) severe defect -one 1 mm diameter hole in the outer raceway. A total of 240 data sets were collected under a running speed of 1,200 rpm and 3.6 kN radial load, with 60 data sets for each initial condition.
Each data set was decomposed into 16 sub-bands, and two complementary statistical parameters (i.e. the energy value, which is directly related to the degree of the severity of the bearing, and the Kurtosis, which has shown high sensitivity to incipient defects) were calculated for each sub-band. A feature vector was subsequently constructed, containing 32 feature elements (i.e. 16 sub-band energy values and 16 sub-band Kurtosis values). Subsequently, Principal Component Analysis was performed on the corresponding feature vectors, and the first 8 principal components, which represent over 97% variability, were used to choose the features from the original feature vector. Subsequently, the energy value at sub-band 10, Kurtosis values at sub-band 2, 13, 15 and 16 were identified as the most representative features.
To verify the effectiveness of the selected feature set for bearing defect severity estimation, a Multilayer Perceptrons (MLP) classifier [4] was devised. Half of the data sets under each bearing condition were used for training the classifiers, and the other half for performance checking. As shown in Table  I , only one "Light Defect" case was incorrectly classified as "No Defect", for PCA-selected data. In comparison, results obtained without PCA-selection have shown a higher misclassification rate, where 3 "No Defect", 8 "Light Defect" and 1 "Medium Defect" were incorrectly classified. This verifies that the proposed technique is effective for bearing defect severity estimation. In conclusion, experimental analysis of sensor data from a bearing test bed has shown that the developed hybrid signal processing technique is well-suited for bearing defect severity estimation. In addition, research is being continued to predict the remaining service life of the bearing by the trending information obtained from the sub-band feature index.
